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We report on the experimental doping of a 87Rubidium (Rb) Bose-Einstein condensate (BEC)
with individual neutral 133Cesium (Cs) atoms. We discuss the experimental tools and procedures
to facilitate Cs-Rb interaction. First, we use degenerate Raman side-band cooling of the impurities
to enhance the immersion efficiency for the impurity in the quantum gas. We identify the immersed
fraction of Cs impurities from the thermalization of Cs atoms upon impinging on a BEC, where
elastic collisions lead to a localization of Cs atoms in the Rb cloud. Second, further enhancement
of the immersion probability is obtained by localizing the Cs atoms in a species-selective optical
lattice and subsequent transport into the Rb cloud. Here, impurity-BEC interaction is monitored
by position and time resolved three-body loss of Cs impurities immersed into the BEC. This com-
bination of experimental methods allows for the controlled doping of a BEC with neutral impurity
atoms, paving the way to impurity aided probing and coherent impurity-quantum bath interaction.
I. INTRODUCTION
Single impurities coupled to a Bose-Einstein conden-
sate (BEC) form a model system underlying many theo-
retical proposals to exploit localization of impurities in a
quantum gas. The applications of impurity-bath interac-
tion include local probing of various quantum properties
of many-body systems [1–7], or cooling of impurities and
quantum information carriers exploiting the properties of
quantum fluids [8–10].
An application which has attracted significant atten-
tion recently is the simulation of fascinating quantum
impurity phenomena in solid state physics. For strong
interactions, quasi-particles emerge which can have pro-
foundly different properties compared to the uncoupled
impurity. A prominent example is the recently ob-
served formation of strong-coupling polarons in Bose-
gases [11, 12], where a detailed understanding of the
ground state properties is currently emerging [13–19].
More generally, individual impurities with spin degree
of freedom can realize an experimental model system for
the spin-boson model [20] or the central spin model [21],
describing the properties of a spin in a bosonic or spin
bath, respectively.
In order to realize a model system of individual neu-
tral impurities in a quantum fluid, independent control of
individual impurities within the BEC is necessary. This
calls for experimental tools facilitating independent po-
sitioning of BEC atoms and impurities. So far, this
has been achieved by either exploiting the spin degree
of freedom, i.e. creating spin impurities [22], or by us-
ing electronically charged impurities such as ions or elec-
trons [23–25]. However, these approaches imply either
a fixed spin degree of freedom, or further experimental
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challenges due to the long-range atomic interaction po-
tential for collisions in the quantum gas, which requires
much smaller temperatures to enter the s-wave interac-
tion regime. An alternative route is to use neutral impu-
rities, where technically the tools and methods of state
preparation and independent position control have to rely
on the multi-level structure of impurity and quantum gas.
This work outlines the experimental toolbox for con-
trolled doping of a 87Rubidium (Rb) BEC with a small
number of individual neutral 133Cesium (Cs) atoms. In
section II we will introduce the methods to prepare a
Rb BEC and individual laser cooled Cs atoms in close
vicinity, and present two important methods facilitating
doping of the BEC: Raman cooling and species selective
transport of Cs atoms in an optical lattice. In section III
we will first demonstrate how the effective Rb-Cs cross
section can be enhanced by Cs cooling. We find that the
efficiency to immerse a neutral Cs atom into a Rb gas
crucially depends on the question if a single Rb-Cs col-
lision occurs. Experimentally, we find that the scattered
fraction of Cs atoms is increased when lowering the Cs
temperature. Introducing a simple model, we reproduce
the qualitative behavior of the Cs immersion probability.
Second, we show how the species-selective optical lattice
allows for deterministic immersion of impurities into the
BEC by suppressing the axial Cs motion. Thereby, our
work facilitates future studies of controllable impurity-
bath interaction.
II. METHODS
Our experiment produces Rb BECs in an all-optical
configuration (Fig. 1) with typically 104 atoms at tem-
peratures around 300 nK at a cycle time of approximately
7 s, for details see [26]. The Rb cloud is trapped in a
crossed dipole trap comprising a horizontal beam with
waist of 21 µm and a vertical beam of waist 165µm. The
final trapping frequencies in the combined, cigar-shaped
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FIG. 1. Experiment overview. (a) Sketch of the optical trap configuration. (b) Dipole potential for Cs impurities Ui before
(blue) and after (red) switching off the Cs dipole trap. The motion of Cs atoms toward the Rb cloud is driven by the potential
of the Rb dipole trap. (c) A species-selective one-dimensional optical lattice along the z axis creates a repulsive potential for
Cs atoms (blue) while at the same time no significant potential is present for Rb (red). The lattice is used for spatially resolved
fluorescence imaging of Cs atoms. Furthermore, it can be employed to transport Cs atoms along the z direction, by introducing
a small detuning between the counter-propagating lattice beams.
trap are ω = 2pi×700 Hz (2pi×50 Hz) in the radial (axial)
direction. The Rb cloud is probed by standard absorp-
tion imaging after time-of-flight.
Few Cs atoms are cooled and trapped in a high mag-
netic field gradient magneto-optical trap (MOT) and sub-
sequently loaded into a crossed dipole trap. The dipole
traps for Cs and Rb share the horizontal trapping beam
while the crossing region for the Cs trap is located at a
distance of approximately 170µm from the Rb BEC (see
Fig. 1). Typically, the Cs atoms have temperatures in
the order of 10µK after the transfer from the MOT to
the dipole trap.
A. Raman cooling
While ultracold, the temperature of the laser-cooled
Cs atoms still is more than one order of magnitude larger
than the BEC temperature. The resulting small spatial
overlap between the two species turns out to be a cen-
tral obstacle for controlled impurity immersion. To fur-
ther reduce the Cs temperature, we employ degenerate
Raman-sideband cooling (DRSC), similar to ref. [27].
The optical setup combines a near-resonant optical lat-
tice with an optical pumping beam in order to reduce
the kinetic energy of the atoms. The optical lattice pro-
vides both an optical trapping potential as well as Raman
coupling between adjacent mF states. The Raman lat-
tice is created by three pairwise orthogonal beams with
beam waists of approximately 1.1 mm, referred to as A,
B and Z+ (Fig. 2). The Z+ beam is propagating along
the horizontal dipole axis with power of 9 mW and is
retro-reflected to create a fourth beam Z-. Beams A and
B with a power of 4 mW each propagate mutually or-
thogonal to each other, as well as with respect to the
horizontal axis. They are polarized linearly in the plane
defined by their propagation axes, while the beams Z+
and Z- are polarized vertically with a small polarization
tilt of roughly 10◦ between the two counter-propagating
beams. The laser frequency of the Raman lattice beams
is red detuned to the |F = 4〉 → |F ′ = 4〉 transition of
the Cs D2-line by 6 MHz, where F is the total atomic
angular momentum. As the atoms are preferably in the
|F = 3〉 state during the cooling cycle, this corresponds
to a red shift of roughly 9 GHz. The interference between
the four beams creates a 3D optical lattice pattern with a
trap depth around kB×45 µK and trapping frequencies of
ωlat = 2pi×(70, 29, 28) kHz (with the Boltzmann constant
kB). The lattice beams also drive the Raman transitions
in the F = 3 manifold with coupling strength ΩR and
repump Cs atoms from |F = 4〉 into the cooling cycle in
the case of off-resonant excitation. In order to reach de-
generacy of vibrational energy levels with quantum num-
ber n in adjacent states |mF + 1, n〉 and |mF , n − 1〉 in
the Raman lattice potential, the magnetic background
field B is tuned to an experimentally optimized value of
100 mG. The optical pumping beam is resonant on the
D2 line and pumps atoms in a σ
+-transition from the
F = 3 manifold to the F ′ = 2 manifold where they spon-
taneously emit a photon (Γs,D2) and decay back to F = 3.
The pump beam is right-hand circularly polarized with
a small amount of linear polarization and blue detuned
by 12 MHz to the |F = 3〉 → |F ′ = 2〉 transition. The
Lamb-Dicke parameter η =
√
ER/~ωlat for spontaneous
decay is η = 0.27 (0.17) for the smallest (largest) trap
frequency in the Raman lattice, with the single-photon
recoil energy ER = ~2k2pump/(2mCs). This indicates that
the vibrational quantum number is conserved for most of
these photon scattering processes, hence the Cs energy is
reduced by ∆E = ~ωlat in each Raman cycle and there-
fore the atoms are cooled. During the Raman cooling,
the position of a Cs atom remains confined in the opti-
cal lattice, while the kinetic energy is reduced and the
Cs population is pumped to mF = 3 with about 75 %
fidelity.
We determine the temperature directly after Raman
cooling with a release-recapture technique, where the
dipole trapping potential is switched off for a short dura-
tion and the remaining fraction of atoms is measured as
a function of switch-off durations [28–30]. Colder atoms
3FIG. 2. (a) Raman laser setup. Four Raman beams (blue arrows) intersect at the center of the crossed dipole trap (red shaded
area), for details see text. The beams create a 3D intensity distribution, trapping the Cs atoms in the potential wells. Two cuts
through the 3D potential landscape of the Raman lattice in the x-y (top) and z-y plane (bottom) at the position of a potential
minimum with λR = 852 nm. (b) Degenerate Raman sideband cooling scheme (adapted from [27]). (c) In a release-recapture
experiment, we measure the temperature of the Cs atoms by comparing the measured survival rate R for different release times
(dots) to simulated curves at different temperatures. From the best-fitting simulated curve (lines), we extract a temperature
of 12(2) µK (red) when applying an optical molasses pulse to the Cs atoms. After a single Raman cooling pulse, we measure a
temperature of 3.2(4) µK (blue).
have smaller velocities, therefore leaving the trapping vol-
ume more slowly and thus have a higher recapture prob-
ability. We extract the Cs temperature by comparing the
experimental data to simulated curves which are gener-
ated in a Monte-Carlo simulation for Cs samples at dif-
ferent temperatures. After a single Raman cooling pulse,
we measure a Cs temperature of 3.2(4) µK (Fig. 2).
B. Independent position control
While the loading of the two species takes place at
distant positions along the shared trapping beam, the
atomic density distributions need to be overlapped to
facilitate interaction. A key tool for independent posi-
tion control of neutral Cs atoms with respect to the Rb
cloud is a species-selective lattice (Fig. 1). Its opera-
tion relies on the multi-level structure of atoms. Adding
all light-shift contributions, for alkali atoms usually the
two fine-structure lines are considered, one finds that be-
tween the Rb D-lines the resulting dipole potential has
a zero crossing at the so-called tune-out wavelength [31].
Consequently, at a wavelength around 790 nm, Rb atoms
do not experience a dipole potential for a specific choice
of light polarization and atomic hyperfine state [32, 33].
For Cs atoms, however, the light field exerts a repulsive
potential (Fig. 1).
Using two counter-propagating laser beams at the
tune-out wavelength, we realize a species-selective 1D op-
tical lattice which confines the Cs atoms axially, while the
radial confinement originates from the horizontal dipole
trap. A small detuning between the frequencies of the
two beams forming the lattice, sets the standing wave
into motion and enables controlled transport of Cs atoms
from the loading region along the horizontal trapping
axis, while Rb remains static at its trap position [34].
III. RESULTS
We characterize the immersion of individual Cs atoms
into the BEC by two complementary approaches. In a
first step, we employ Raman cooling to effectively com-
press the spatial distribution of Cs atoms in the trap due
to the reduced temperature. Thus, the density-density
overlap is sufficiently large to study Rb-Cs interaction
with individual Cs atoms. In a scattering experiment
of few Cs atoms impinging on a Rb cloud we show that
the effective Rb-Cs immersion probability is large enough
to thermalize Cs atoms in the Rb BEC via elastic colli-
sions. This is indicated by a localization of Cs atoms in
the Rb crossed dipole trap. Second, we further enhance
the immersion efficiency by localizing Cs atoms in the
species-selective lattice and transport them to the posi-
tion of the BEC. We study the position resolved loss of Cs
after being transported to the trap center, which reveals
enhanced loss in the vicinity of the Rb BEC.
A. Effective immersion probability between
impurity and cloud
In order to probe the effective Rb-Cs immersion prob-
ability, we first prepare a Rb cloud in the Rb crossed
trap at various conditions, either in a thermal state with
peak densities of n0 = 3.6× 1012 cm−3 and typical width
of σr = 2.3 µm (σz = 31µm) radially (axially), or as
a BEC with peak densities of n0 = 2× 1014 cm−3 and
Thomas-Fermi radii of Rr = 1.1 µm (Rz = 15µm) ra-
dially (axially). Cs atoms are trapped in the MOT and
subsequently transferred into the Cs crossed trap.
The choice of dipole trap potential depth −kB×31 µK
(−kB × 53 µK) for Rb (Cs) during the Rb-Cs interaction
is a compromise between providing sufficient confinement
for reliable Cs atom trapping and avoiding a heating of
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FIG. 3. (a-d) Axial position distribution of individual Cs atoms in the trap for different conditions. Blue, green, and grey
are the the initial, and final Cs position distribution after half an oscillation period with and without Rb, respectively. From
the final distribution, the fraction of interacting (νint) and non-interacting Cs atoms (νnon−int) is extracted. The fraction of
interacting atoms is calculated as 1 − νnon−int/νnon−int,0, where νnon−int,0 is the reference, when no Rb is present. (a) Laser-
cooled Cs atoms (TCs ≈ 10 µK oscillate freely, when no Rb is present. (b) When impinging on a thermal Rb cloud (NRb = 11 k,
TRb = 1.1µK), a large Cs fraction (85 %) undergoes a first collision with Rb and interacts with Rb. (c) When impinging on
a Rb BEC (TRb ≈ 300 nK), the interacting fraction is reduced (46 %) due a smaller BEC volume. (d) Cs atoms after a series
of three Raman cooling pulses (TCs ≈ 3µK) impinge on a Rb BEC (NRb = 23 k, TRb ≈ 300 nK). The Raman pulses have
effectively compressed the radial probability distribution, leading to an enhanced probability (74 %) for a first collision. (e-h)
We use a simple model (see text) to reproduce the qualitative behavior of the thermalizing fraction: We show radial cuts of
the initial Cs density (blue line), the radial scattering probability P (r) (orange shaded line) and the resulting non-interacting
fraction (gray shaded dashed line) for parameters comparable to the measurements shown in (a-d). In (g), the non-interacting
fraction is increased compared to (f) due to the smaller extent of the Rb cloud. By reducing the Cs temperature with Raman
cooling (h), the initial distribution becomes more narrow, resulting in a larger overlap with the scattering area yielding a
reduced non-interacting fraction.
the BEC at high densities induced by three-body loss.
Due to the strong radial confinement and the similarity
of trap frequencies of Cs and Rb, the difference of the
gravitational sag is in the order of 50 nm and is negligi-
ble compared to typical radial extensions of the atomic
clouds (> 1 µm).
For the measurement, Cs atoms are prepared first di-
rectly from the MOT with uncontrolled hyperfine state
and temperatures in the order of TCs ≈ 10 µK; or second
with an additional Raman cooling step yielding temper-
atures of TCs ≈ 3µK in mF = 3. Subsequently, the Cs
atoms are released from the Cs crossed dipole trap and
move in the horizontal trapping beam toward the center,
where the Rb cloud is prepared (Fig. 1). After half an os-
cillation period, the Cs distribution is frozen by quickly
applying a strong optical lattice potential, suppressing
tunneling as well as thermal diffusion. After the Rb cloud
has been removed from the trap by a resonant laser pulse,
the Cs atoms in the 1D optical lattice are detected by
in-situ fluorescence imaging. The axial Cs density distri-
bution is obtained from hundreds of fluorescence images
for each experimental setting.
It has been shown that essentially a single collision
of Cs with a Rb bath atom dissipates sufficient energy
so that the Cs atom remains trapped in the crossed Rb
trapping region [35]. By contrast, the fraction of atoms
which have not experienced a collision will freely oscillate
to the turning point of the potential.
Experimentally, half an oscillation period after the re-
lease from the MOT, here 17.5 ms, the interacting (νint)
and non-interacting (νnon−int) Cs fractions are maximally
separated and can be well distinguished in our position-
resolved fluorescence images (Fig. 3(b)). The relative
number of Cs atoms in the Rb trapping region is thus a
measure of the effective immersion probability. The re-
sults of such scattering measurements are shown in fig. 3
for different situations. First, Cs atoms with MOT tem-
perature of TCs ≈ 10 µK impact a thermal Rb gas with
TRb = 1.1(2) µK and 11(1)×103 atoms. From the data in
Fig. 3(b) we conclude that a large fraction of 85 % of Cs
atoms collides with Rb atoms in the cloud and thermal-
izes with it. By contrast, if the Rb cloud is condensed
(TRb ≈ 300 nK), the thermalized fraction is drastically
reduced to 46 % as shown in Fig. 3(c). This is due to the
reduced size of the Rb BEC (1.1 µm) compared to the
thermal cloud (2.4 µm), and many Cs atoms are radially
too far away from the Rb BEC to undergo a first collision.
Thus, the effective immersion probability is reduced.
In order to model the scattered fraction of Cs atoms,
we introduce the position dependent Rb-Cs scattering
rate Γ(r, z) = σv¯nb(r, z) for a Cs atom at position (r, z).
Here, nb(r, z) is the Rb density distribution in the trap in-
5cluding BEC and thermal fraction. Assuming a Maxwell-
Boltzmann distributed kinetic energy distribution, the
mean relative velocity between Cs and Rb atoms [36] is
approximated by
v¯ =
√
8kb
pi
(
TCs
mCs
+
TRb
mRb
)
, (1)
σ = 4pia2 is the scattering cross section with the Rb-Cs
s-wave scattering length a = 645 a0 [37] and the Bohr ra-
dius a0. Neglecting the radial motion of the Cs atoms in
the trap, we assume that they impinge on the Rb cloud in
axial direction at velocity vz =
√
2E0/mCs given by their
initial potential energy in the dipole trap E0. We calcu-
late the scattering probabilities P (r) for these straight
trajectories at different radii r from the trap center by
evaluating the survival probabilities Pi in N regions of
length δzi along the trajectory in z direction
P (r) = 1−
N∏
i=0
Pi = 1−
N∏
i=0
exp
(
−Γ(r, zi)δzi
vz
)
. (2)
Comparing this radial scattering probability to the Cs ra-
dial distribution (Fig. 3 (e-g)), we find that the immersed
Cs fraction is reduced for lower Rb cloud temperatures
due to the smaller Rb cloud size. The model also il-
lustrates that the effective immersion probability can be
increased again by lowering the temperature of the Cs
impurities (Fig. 3 (h)).
Experimentally, a series of Raman cooling pulses is em-
ployed to further cool the Cs atoms. We use three Ra-
man cooling pulses of 2 ms duration each, separated by
a waiting time of 350 µs between two pulses. The wait-
ing time is adjusted to the radial trapping frequency and
matches a quarter oscillation period. The first Raman
pulse will hence reduce the Cs atoms’ kinetic energy. Af-
ter a quarter oscillation period the remaining potential
energy is converted to kinetic energy, which is dissipated
by the second Raman pulse. More than two pulses are
necessary because the trap is not perfectly harmonic; the
number of three is chosen as a compromise, as every Ra-
man pulse leads to a loss of a small fraction of Cs atoms
(≈ 5%). Fig. 3(d) shows the Cs distribution when the Cs
atoms have been Raman cooled. In this configuration,
a fraction of 74 % of impurities is immersed into the Rb
BEC through collisions with the Rb cloud.
This measurements illustrate how the effective immer-
sion probability can been significantly increased, which
enables controlled production of individual Cs impurities
in a Rb BEC for future investigations.
B. Controlled doping and impurity lifetime
In a complementary approach to implant Cs impuri-
ties in the BEC, we exploit the species-selectivity of our
optical lattice to transport Cs impurities into the BEC.
In addition, after establishing interaction, the lattice is
used to pin the Cs position within the Rb cloud. This al-
lows to resolve the interaction dynamics without motion
of the Cs impurities along the horizontal trapping beam.
We monitor the position resolved loss of Cs atoms for
increasing interaction time, which is strongly enhanced
in a BEC due to frequent Rb-Rb-Cs three-body recom-
bination events.
To this end, we prepare a Rb BEC of approximately
15 × 103 atoms with a Thomas-Fermi radius of Rz ≈
11 µm in axial direction. Raman-cooled Cs atoms are
loaded into the species-selective lattice and transported
into the BEC. Then, the lattice is used to transport the
Cs atoms to various positions around the expected po-
sitions of the Rb cloud, intentionally broadening the Cs
distribution axially.
Specifically, Cs atoms are distributed by choosing ax-
ial transport distances in the range of about 145 µm
to 195 µm. The transport lattice depth of kB × 17 µK
(140ER) is chosen to yield sufficient confinement for Cs
during the transport with an axial trapping frequency of
2pi×80 kHz. At the same time this choice avoids an exces-
sive heating of the Rb cloud due to off-resonant photon
scattering: For the lattice power used here, the remain-
ing scattering rate on both D lines is < 13 Hz. After
the transport, the lattice depth is further reduced (fac-
tor of ≈ 1.7), when fixing the axial Cs position during
the Rb-Cs interaction.
Cs atoms experience frequent collisions within the
dense Rb cloud. In addition to elastic collisions, leading
to fast thermalization of the Cs atoms, inelastic Rb-Rb-
Cs collisions occur, which result in a loss of Cs atoms
through molecule formation. The Cs distribution is mea-
sured after different interaction times ti, revealing the
emergence of a hole at the position of the Rb BEC
(Fig. 4 (a)). Thus, the losses demonstrate the success-
ful immersion of individual Cs atoms into the Rb BEC.
We extract the position-resolved lifetime of Cs atoms
in the BEC by first sorting the Cs positions extracted
from the fluorescence images into a histogram with bins
of about 5µm width. For each bin k and interaction
duration ti, the fraction of atoms lost is calculated as
P lossk (ti) = (Nk(0)−Nk(ti)) /Nk(0), where Nk(0) de-
notes the initial Cs atom number of bin k. This nor-
malization allows calculating the position dependent life-
time independently from the shape of the initial Cs dis-
tribution (Fig. 4(b)). For each position bin k the life-
time τk is extracted by fitting an exponential decay
P˜ lossk (ti) = 1 − exp(−ti/τk) to the remaining fraction
(Fig. 4(c)). We find the shortest Cs lifetimes of only
few ms at the expected center position of the BEC.
We compare the measurement to a Monte-Carlo model,
where thermalization and loss dynamics for independent
atomic Cs trajectories rCs are simulated, assuming ther-
malized Cs atoms in the Rb BEC. For each atom in the
Monte-Carlo sample which is as large as the experimental
atom number, the equation of motion r¨Cs = −∇V /mCs
in the trapping potential V (dipole trap and gravity) is
integrated, as discussed in [35]. Elastic collisions with the
6FIG. 4. (a) Axial Cs distribution for different interaction times ti in the vicinity of the Rb BEC (15 k atoms, 0.2 condensate
fraction). (b) The bin-wise lost fraction relative to ti = 0 is extracted from these distributions. (c) Assuming an exponential
decay, we calculate the position resolved lifetime τ . The gray shaded area marks the range of the BEC’s Thomas Fermi radius
Rz. We also compare the measurement results to a simulation (d-f) where we simulate the tree-body losses of Cs atoms which
are thermalized within a Rb BEC. We find good agreement between experiment and simulation without free parameters. The
error of the lifetime fit depends first on the initial atom number Nk,0 which determines the statistical uncertainties, leading
to large errors in regions with few atom counts. And second on the resulting value of τk which has to be compared to the
maximum experimental interaction duration of 15 ms.
Rb bath, as well as three-body loss are incorporated by
evaluating the probabilities of an elastic collision Pel =
1−exp (−Γel∆t) and atom loss Ploss = 1−exp (−Γloss∆t)
in each integration step of length ∆t.
For the calculation of elastic rate Γel and loss rate Γloss,
a continuous Rb distribution with the expected in-trap
density of the BEC nRb(r) consisting of thermal back-
ground and BEC Thomas-Fermi distribution is assumed.
The elastic collisions rate writes Γel = σ · v · nRb(rCs)
with the low-momentum s-wave scattering cross section
σ introduced in section III A. In contrast to section III A,
here the relative velocity v in the collision is evaluated,
taking the current velocity r˙Cs and the bath tempera-
ture into account [35]. The three-body loss rate writes
Γloss = L3 n
2
Rb(rCs) with an independently obtained loss
coefficient L3 = 28.0× 10−26 Hz cm6. Properties of the
BEC were determined independently, so the Monte-Carlo
simulation is conducted without free parameters.
For the Monte-Carlo simulation, the position resolved
lifetime is extracted analogously to the measurement
(compare fig. 4(c), (f)) and is in agreement with the mea-
sured data. The simulation reveals that about 33 % of
Cs atoms are lost within the Thomas-Fermi radius of the
BEC, although only 20 % of Rb atoms are condensed,
demonstrating the enhanced density overlap of the con-
densate fraction at the trap center.
While in the previous section it has been shown that
interaction of impurities with the BEC through elastic
collisions leads to thermalization and a localization of Cs
atoms at the trap center, here we show that inelastic col-
lision events can serve as indicator of successful impurity
immersion into the BEC.
IV. CONCLUSION
We have experimentally studied the interaction of in-
dividual Cs impurities with a Rb BEC. For laser-cooled
impurities from a MOT, we find that the effective Rb-
Cs scattering probability is too small to ensure efficient
immersion of Cs in the Rb BEC. We demonstrate how
the scattering probability can then be enhanced by fur-
ther cooling of the impurity, which we have implemented
by a series of Raman cooling pulses. This effectively
compresses the impurity density distribution in the trap.
We have measured this increased immersion probability
7by observing thermalization and localization in the Rb
cloud. Further enhancement of the immersion efficiency
is obtained by axially localizing the Cs atoms in a species-
selective optical lattice and transporting them into the
Rb cloud. A position resolved measurement of the Cs
atom loss rate reveals a strong signature of the inter-
action between Cs impurity and Rb BEC. Thereby, our
results pave the way for future investigations of coherent
interactions between impurities and a quantum gas.
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